In the paper the impact of frequency chirp of directly modulated lasers is considered in context of
Introduction
Directly modulated lasers (DMLs) exhibit significant frequency chirp that interacts with fiber chromatic dispersion, causing the distortions of the signal travelling along the fiber. Impact of this effect increases approximately with square of the bit rate [1] and so it becomes one of main system limitations in high-speed (some Gb/s) links.
The chirp may be substantially reduced (or sometimes intentionally controlled) by external laser modulation, using Mach-Zhender or electroabsorption modulator. However, the DML based transmitters are substantially cheaper and offer significantly higher fiber-coupled power, which is attractive in cost-sensitive, unamplified medium haul networks. Additionally, the commercially available DMLs cover all sixteen coarse wavelength division multiplexing (CWDM) channels which enable cost effective gradual upgrading of the existing networks.
The interaction of laser chirp with fiber dispersion was widely studied in context of positive dispersion coefficient, which is the case of standard single-mode fiber (and also typical dispersion-shifted fiber) operating in 1.55-µm window. Recently introduced next generation dispersionshifted fibers, having zero-dispersion wavelength beyond L-band and negative dispersion in entire usable bandwidth (see Fig. 1 ), as Corning's MetroCor fiber [2] , attract designers attention to the influence of DML chirp on transmission performance in negative dispersion links. Generally, the difference is that the interaction of fiber negative dispersion with the laser positive transient chirp leads to transmitted pulse compression, in contrast to its spreading, occurring in standard, positive dispersion fiber. However, apart from transient chirp, DMLs exhibit also so-called adiabatic chirp, which significantly affects the evolution of DML-generated signal and distinguishes the chirp of DML from that intentionally imposed using external modulators.
Some previously published works, as [3] [4] [5] , demonstrate the advantage of negative dispersion fiber in context on DML-based, high-speed transmission system. The aim of this paper is to present more systematic investigations on interaction of negative fiber dispersion with DML chirp and resulting performance of 10 Gb/s transmission systems. Particularly the dependence of system reach on laser chirp characteristics and its driving conditions will be determined.
Transmission system modelling
The transmission system model, used to investigate the chirp/dispersion influence on transmitted signal distortions are briefly described in current section. The model components are depicted in Fig. 2 .
The 10 Gb/s data sequence is generated by 2 9 -1 pseudo-random bit sequence (PRBS) generator. In a laser driver model, the bias and modulation currents are com-bined and output current waveform with typical rise/fall time of 30 ps is produced. The shapes of current slopes are behaviourally modelled by the hyperbolic tangent function. Standard NRZ signalling is assumed.
Next, the driver-laser interconnection is modelled. It should be realized that for the ultra-fast modulation, as 10 Gb/s, any parasitic capacitances and inductances of driver package, PCB connection and laser assembly, together with matching and damping resistors involved in the circuitry, cause the low-pass filtration of the current reaching laser chip. Basing on author's hardware experiments, the fourth-order low-pass Besssel transfer function with 10 GHz cut-off frequency was taken as reasonable model.
The laser dynamics is modelled by standard rate equations [6] . Two sets of parameters were used. The first one, taken after Ref. 7 , describes 10 Gb/s rated MQW-DFB device (D1861A by Agere). The second one was obtained by the author for the slower, 2.5 Gb/s rated laser (PT3563 by Photon). It should be mentioned that the PT3563 laser, although rated for 2.5 Gb/s, can also be modulated at 10 Gb/s rate, but produces the output signal with longer and more asymmetric rise and fall slopes, lower relaxation oscillation frequency, etc. Thus, having two different models, the potential interaction of these features with laser chirp and fiber dispersion may be observed. Additionally, in some simulations presented below, the laser dynamic model will be omitted in the manner that laser output optical power is simply proportional to driving current. This situation will be called as "idealized laser dynamics". Differences in resulting eye pattern observed at laser output are illustrated in Fig. 3 .
Laser chirp is modelled by the following equation [8] 
where Dn ( ) t is instantaneous frequency deviation, a is so called line enhancement factor, K n is the adiabatic chirp coefficient, and P(t) is the laser output power. First term in the above equation, proportional to derivative of output power is called the transient chirp, and the second one, directly proportional to the power, is the adiabatic chirp. It should be mentioned that Eq. (1) was derived for the single-mode Fabry-Perot (FP) lasers, but is also widely used as good approximation for DFB ones [6, [9] [10] [11] . Unfortunately, chirp parameters are usually not specified by vendors, thus should be measured for any particular laser type. In Table 1 , chirp parameters of some commercially available high-speed MQW-DFB lasers are collected. First four devices (two of the same type) were measured by the author [11] . Three others are taken from Ref. 10. The laser output power and chirp may be combined in the form of complex envelope of optical field at laser output [12] 
where P t ( ) is the laser output power and the phase f( ) t is integral of laser frequency deviation 
The fiber was modelled by its impulse response, describing evolution of the signal complex envelope [12] h t j c
where z is the fiber length, l is the central wavelength of optical signal,
l is dispersion coefficient, and c is the velocity of light in vacuum. In the above equation, terms concerned with fiber attenuation and delay are neglected, as they do not influence the signal shape.
The output signal complex envelope is the convolution of input envelope with fiber impulse response. Finally, the output power is square of output envelope absolute value.
Because the above described fiber modelling ignores nonlinear effects, its usefulness was spot-verified by much more computation consuming simulations using fiber model based on nonlinear Schrödinger equation [13] . It was found that the Kerr nonlinearity has no noticeable impact on the system performance even for the laser output power boosted up to 20 mW.
The receiver is modelled as so-called "reference receiver", described by the fourth-order low-pass Bessel transfer function with 7.5-GHz cut-off frequency. Such frequency characteristic is specified by standardization bodies, implemented in measurement equipment and (more or less precisely) in commercially available receiver modules.
All the simulations were arranged in Matlab/Simulink environment.
Evolution of chirped signal in negative dispersion fiber
For the simple illustration of chirp induced signal distortions some examples are presented in Fig. 4 . Left traces show a piece of 10 Gb/s data stream and right ones show the corresponding eye patterns. Laser chirp parameters a = 3, K n =20 10 12 Hz/W was taken, and 100 km of fiber with dispersion coefficient of -7.2 ps/nm*km at 1.55 µm wavelength was assumed. Not to be involved into any second-order effects concerned with particular laser dynamic model, the idealized dynamics was taken this time. Presented patterns are filtered by reference receiver transfer function. Figure 4 (a) shows the signal at the receiver output in case when the (hypothetical) laser has no chirp. Small signal distortions, caused by modulation induced spectral broadening are visible. Figure 4 (b) presents the case when only transient chirp component was taken in laser chirp modelling. The explanation of the signal distortions may be as follows. The rising edges of the input pulses undergo the positive frequency shift (blue shift) and thus propagate in the fiber with lower group velocity than the central parts of the pulses. The falling edges undergo negative frequency shift (red shift), so propagate faster. Thus, the energy corresponding with pulse slopes is time shifted towards its centre, which cause pulse compression and peaking at its beginning and the end. It should be pointed out that the effect is quite different for positive fiber dispersion, when transient chirp results in pulse broadening. Analysing the eye pattern it may be observed that pulse compression results in horizontal eye closure, which may limit system performance for high laser chirp and/or fiber dispersion.
Adiabatic chirp taken alone [see Fig. 4 (c)] leads to decrease in group velocity of subsequent pieces of signal rising edge. Thus, the output pulse rises slower than input. In contrast, subsequent pieces of falling edge travel faster than previous ones, which results in compression of the falling edge and, for high chirp and/or dispersion, also peaking at the pulse end. 
Impact of laser chirp on transmission performance
In current section the impact of laser chirp parameters and driving conditions on transmission system performance will be analysed. The dispersion induced power penalty will be taken as quantitative measure of signal degradation. To calculate the dispersion caused power penalty, the receiver input power resulting in some particular bit error rate (BER) should be found for cases of dispersively distorted, and undistorted (only attenuated) signals. The ratio of obtained power levels, taken in dB, is dispersion induced power penalty (dispersion penalty). The results presented herein were calculated for BER = 10 -12 , with assumption that additive gaussian noise of the receiver front-end dominates the BER performance. BER was obtained by averaging over entire period of PRBS bit-by-bit calculated error probabilities. Because in case of strongly distorted signal (as shown in Fig. 5 ) the bit boundaries and thus the sampling instants are not evident, these boundaries were found by averaging slope positions which corresponds to the clock recovery circuit operation. To get more realistic results, the power penalty was calculated not only for signal sampled exactly at the middle of the eye, but also with ±0.1 UI (unit interval) offset, and the worst value was taken as final result. This way some possible phase offset of clock recovery circuit and nonzero aperture of decision circuit are taken into account, which is especially important in case of strong horizontal eye closure. Figure 5 shows the example of the situation when the calculated dispersion penalty strongly depends on a sampling phase. Figure 6 shows the obtained dispersion penalty versus transmission distance for 10 Gb/s signalling. The laser line enhancement factor a = 3, and adiabatic chirp coefficient K n varying from 1×10 12 Hz/W to 30×10 12 Hz/W were taken. Dispersion coefficient of -7.2 ps/nm*km and laser wavelength of 1.55 µm were assumed. Laser driving was adjusted to obtain 3 dBm output power in high (logic "one") state, and extinction ratio (ER) of 6 dB.
Analysing the plot, it may be observed that dispersion penalty has small (or even negative) value up to some critical distance, and rapidly grow above it. High value of adiabatic chirp coefficient significantly reduces dispersion tolerance, but small or even medium values have no substantial impact on it. Taking 1 dB as maximum acceptable dispersion penalty, the transmission distance limit in the range of 120-180 km may be found (in specified circumstances).
Some simulations were made using the second version of a laser dynamic model and also for idealized dynamics, with always the same chirping model. Results were quite similar, only slightly better dispersion tolerance was observed for idealized laser dynamics. However, for deeper laser modulation, resulting in higher extinction ratio (8-10 dB), the maximum distance obtained for realistic dynamic model is even 30% shorter than for idealized case. It may be understood realizing that dynamic distortions of laser output signal increase for higher extinction ratio; the transitions are more oscillatory, significant difference between rise and fall times and some patterning effect (intersymbol interferences) arise (see Fig. 7 ). Less regular signal produces also less regular chirp, which decrease dispersion tolerance.
In Fig. 8 , the dispersion limited transmission distance, defined by 1 dB dispersion penalty, is plotted versus laser line enhancement factor for various extinction ratios. The moderate adiabatic chirp coefficient (10×10 12 Hz/W) was taken. For high values of line enhancement factor, the transmission distance decreases nearly proportionally to 1 a, but for its low values the evident optimum manifests. The occurrence of this optimum results from some compensation between pulse compression caused by laser chirp, and "natural" broadening of short pulses in dispersive fiber [12] . Optimal values of the line enhancement factor are about 0.5-1.5, which are quite small. But also for realistic values of a (in the range of 2-3), the transmission distance similar or even longer than for unchirped source (i.e., for a = 0) may be obtained. Because lower laser extinction results in lower chirp, especially the transient component, see Eq. (1), lowering of laser extinction improves dispersion tolerance, which is visible in Fig. 8 . However, small extinction causes some reduction of optical modulation amplitude and thus limited-extinction-induced power penalty, which should be taken into account. In Fig. 9 , the total penalty, being the sum of dispersion and extinction penalties is shown for different transmission distances. For small ER, the penalty is big due to reduced optical modulation amplitude and it decreases for higher ER, until the dispersion penalty begins to prevail. The higher is the transmission distance, the lower ER should be applied to obtain minimum total penalty.
It should be also remarked that existing standard specifications for 10 Gb/s transmitters usually define minimum value of ER. The ITU recommendations on STM-64/ OC-192 systems [14] are very restrictive and demand minimum 8.2 dB of ER. In contrast, the IEEE 10GbEthernet standard [15] specifies 3 dB as minimum ER, which gives wide area for transmitter optimisation.
Besides the dispersion limitations of transmission distance the attenuation limit should be considered. Taking 0 dBm average laser output power, 0.25 dB/km fiber attenuation [2] , -19 dBm as typical PIN-based receiver sensitivity and -27 dBm for APD receiver [16] , the attenuation limit is approximately 75 km and 110 km respectively. Thus, for unamplified systems, using transmitter equipped with low-a laser modulated in the way resulting in moderate ER, the dispersion limit may be pushed far beyond the attenuation one.
In respect to CWDM systems, the extension of above consideration for wavelengths significantly different than 1.55 µm is interesting. For longer wavelengths, the fiber dispersion coefficient is reduced (see Fig. 1 ), which shifts the dispersion limit towards much higher distances. For shorter wavelengths, the dispersion coefficient is significantly greater. However, the fiber impulse response is determined by the product zDl 2 , see Eq. (4), so the impact of bigger dispersion is somehow mitigated by reduced value of wavelength. For example taking l = 1.31 µm and corresponding D = -25 ps/nm*km the dispersion induced distance limitations occur for fiber lengths 2.5 times shorter than reported in above investigations. Also the attenuation limit is at least two times shorter for 1.31 µm window, thus the situation is quite similar to above considered, with only 2-2.5 times shorter distances available.
To point out the difference in interaction of laser chirp with negative and positive fiber dispersion, the plot analogous to that from Fig. 6 , but obtained for positive (same ab- solute value) dispersion coefficient, is presented in Fig. 10 . This time 1 dB dispersion penalty occurs for the distances around 20 km, which is dramatically less than in case of negative dispersion fiber. It also may be noticed that for positive dispersion fiber, big adiabatic component in laser chirp can somehow mitigate growth of dispersion penalty and so is desired, when for negative dispersion it always increases the penalty. Thus, the introduce of negative dispersion fibers forms opposite demands on laser adiabatic chirp characteristics which should be taken into account in new laser designs.
Experimental results
For some verification of simulation-based research presented in this paper the experimental set-up was built. It consists of 10 Gb/s PRBS generator, laser driver, PT3563 laser, negative dispersion fiber, and HP83480A digital communication analyzer (DCA) with HP83485B optical plug-in. The laser driving currents were adjusted to obtain ER of 6 dB and 3 dBm output power in high (logic "one") state, as it was taken in most simulations. Also laser chirp parameters (see Table 1 ) were similar to that used in simulations. The fiber used was not exactly dispersion-shifted one but dispersion compensating fiber (DCF) which allows to obtain desired dispersion at much shorter distance and thus with lower attenuation. Dispersion of the fiber was -1000 ps/nm, which corresponds to 140 km of dispersion-shifted fiber, taking D = -7.2 ps/nm*km. From Figs. 6 and 8, it may be found that this distance is closed to the dispersion caused limit for taken laser and driving conditions. Figure 11 shows the comparison of simulated and measured eye patterns at the laser output (a) and the fiber output (b). Ignoring the noise visible in measured patterns, the traces are very similar, particularly in details concerned with signal distortions, which confirm adequacy of simulation methods and model parameters. Quite acceptable eye pattern observed at the fiber output directly shows the possibility of 10 Gb/s transmission over 140 km negative-dispersion-shifted fiber using low-cost DML. It also should be pointed out that relatively low values of ER, desired for high dispersion tolerance, result also in better dynamic performance of the laser, which allows to operate with higher bit rates than specified for particular device. The PT3563 laser used in the experiment, although rated for 2.5 Gb/s, was successfully modulated at 10 Gb/s, with ER = 6 dB.
Conclusions
Introduction of new type dispersion shifted fibers displaying negative dispersion coefficient in entire useful wavelength range, as Corning's MetroCor, gives new opportunities for use of DMLs in high-speed transmission links. The pulse compression, caused by interaction of laser transient chirp with fiber negative dispersion, dramatically extends transmission reach in comparison to positive dispersion case.
Investigations undertaken for 10 Gb/s transmission showed that best dispersion tolerance may be achieved using laser with line enhancement factor in the range of 0.5-1.5 and low adiabatic chirp. But also commercially available devices with a in the range of 2-3 and typical adiabatic chirp coefficient allow obtaining long transmission distance, exceeding 200 km.
The crucial factor influencing the dispersion tolerance is the extinction ratio, determined by laser driving circuitry. The lower is extinction, the higher is resulting dispersion tolerance. On the other hand, however, low ER means reduced optical modulation amplitude, thus the optimum value should be found in given circumstances.
It was also shown that the DML with low chirp, operating with moderate ER, offers similar or even better dispersion tolerance that more sophisticated and troublesome transmitter with chirp-free external modulator. Thus, differently to standard positive dispersion case, the DMLbased transmitters are better choice for single channel or CWDM 10 Gb/s medium haul networks exploiting negative dispersion.
